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Animal contextual fear conditioning (CFC) models are the most-studied forms used to explore the neural substances of posttraumatic stress disorder (PTSD). In addition to the well-recognized hippocampal–amygdalar system, the retrosplenial cortex (RSC) is getting more and more attention due to substantial involvement in CFC, but with a poor understanding of the specific roles of its two major constituents—dysgranular (RSCd) and granular (RSCg). The current study sought to identify their roles and underlying brain network mechanisms during the encoding processing of the rat CFC model. Rats with pharmacologically inactivated RSCd, RSCg, and corresponding controls underwent contextual fear conditioning. [18F]-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) scanning was performed for each animal. The 5-h and 24-h retrieval were followed to test the formation of contextual memory. Graph theoretic tools were used to identify the brain metabolic network involved in encoding phase, and changes of nodal (brain region) properties linked, respectively, to disturbed RSCd and RSCg were analyzed. Impaired retrieval occurred in disturbed RSCd animals, not in RSCg ones. The RSC, hippocampus (Hip), amygdala (Amy), piriform cortex (Pir), and visual cortex (VC) are hub nodes of the brain-wide network for contextual fear memory encoding in rats. Nodal degree and efficiency of hippocampus and its connectivity with amygdala, Pir, and VC were decreased in rats with disturbed RSCd, while not in those with suppressed RSCg. The RSC plays its role in contextual fear memory encoding mainly relying on its RSCd part, whose condition would influence the activity of the hippocampal–amygdalar system.
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INTRODUCTION

The posttraumatic stress disorder (PTSD) is a kind of anxiety disorder usually occurring after undergoing a traumatic event, of which the neural mechanism remains unclear (Brunello et al., 2001; Keane et al., 2006). Animal contextual fear conditioning (CFC) models are the most-studied forms for understanding PTSD and other stress-related disorders (Izquierdo et al., 2016). Defining the key neural correlates and circuitries involved in CFC is fundamental for understanding its underlying mechanism. Although the hippocampus (Hip), amygdala (Amy) nuclei, and the forebrain cortex are popularly recognized (Izquierdo et al., 2016; Alexandra Kredlow et al., 2022), a comprehensive understanding of the key brain regions and their interactions linked to CFC is still in the face of many challenges. Recently, the retrosplenial cortex (RSC) has received more and more attention because of its general activation in episodic memory (Vann et al., 2009; Corcoran et al., 2018).

Early evidence came from RSC lesion studies in animals showing the RSC was necessary in associative learning situations such as eyeblink conditioning and discrimination reversal learning (Gabriel et al., 1983; Berger et al., 1986). Later, in addition to spatial processing and navigation (Cooper and Mizumori, 2001; Vann and Aggleton, 2002), RSC was also found substantially involved in instrumental and associative learning of aversive stimuli (Lukoyanov and Lukoyanova, 2006; Keene and Bucci, 2008). Recent works exploring interactions between the hippocampus and other cortices in contextual fear memory demonstrated that the RSC was always engaged in, ranging from the encoding and retrieval phases to extinction (Cowansage et al., 2014; Jovasevic et al., 2015; Leaderbrand et al., 2016). Human imaging studies showed increased activity of RSC during contextual memory retrieval and autobiographical memory in healthy and PTSD subjects (Liberzon et al., 1999; Schacter and Addis, 2007). Furthermore, some neurodegenerative disorders with amnesia, typically Alzheimer’s disease, often accompany RSC pathological changes (Leech and Sharp, 2014; Weiner et al., 2017). Although numerous studies have suggested in principle the involvement of RSC in fear memory, the issue of its structural heterogeneity should be considered. Cytoarchitecturally, the RSC is composed of two major parts, granular area (RSCg) and dysgranular area (RSCd) (Vann et al., 2009). These two subregions are different in structural connections with other regions (Vogt and Miller, 1983; Vogt et al., 2005), which implies that they likely play distinct roles functionally. A few pilot studies exhibited RSCg and RSCd played different roles in spatial cognitive tasks (Pothuizen et al., 2009), supporting the view of functional heterogeneity of RSC. In contextual fear memory, however, the individual roles of RSCg and RSCd still remain unknown.

The brain is a complex system with glucose as the main energy source (Mergenthaler et al., 2013), and 18F-FDG PET imaging is widely used to study neural activities based on glucose metabolism. Relative to simple tests for regional metabolic patterns due to physiologic and pathologic activity, FDG metabolic brain networks would evaluate the property changes of the system globally as well as the relationships among local brain regions at the whole brain level, which is a significant advantage of this method to reveal the mechanisms of complex systems (Yakushev et al., 2017). Nowadays, metabolic brain networks based on FDG-PET images have been emerging as a useful tool in basic and clinical neuroscience (Zhang et al., 2019; Huang et al., 2020). In this study, to determine the roles of RSCg and RSCd during CFC of rat model, combining pharmacological approaches with [18F]-fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG PET/CT) imaging and brain network methods, we investigated their effects and the underlying network mechanisms.



MATERIALS AND METHODS


Animals

Nine-week-old male Sprague-Dawley rats obtained from Vital River Laboratory Animal Technology Company (Beijing, China) were used in this study. The metabolic brain networks were generally constructed by Pearson’s correlations in an intersubject manner. Based on considerations of statistical power, a large sample size was always employed. In this study, four independent groups and a total of 113 rats were involved. Rats were initially housed in groups (five rats per cage) and then housed individually after surgery. Rats had free access to food and water under a 12-h light/12-h dark cycle in a temperature-regulated environment maintained at 25 ± 2°C at the Kunming Institute of Zoology (CAS, Kunming, China). All protocols were approved by the Institutional Animal Care and Use Committee of Kunming Institute of Zoology, Chinese Academy of Sciences (ID: SMKX-20190820-195).



Surgery and Infusions

Rats had surgery to intracranial implantation stainless steel guide cannula (RWD Life Sciences, Shenzhen, China), using the techniques described previously (Zhou et al., 2017). The stereotaxic coordinates of RSCd (-3 mm posterior, ± 0.6 mm lateral, 1 mm ventral to bregma) and RSCg (-5.20 mm posterior, ± 0.4 mm lateral, 2 mm ventral to bregma) were determined according to the Paxinos and Watson brain atlas (Supplementary Figure 1; Paxinos and Watson, 2005). Rats were allowed 7 days to recover from surgery before the behavioral procedures.

Tetrodotoxin (TTX, 20 μM, T111387-1 mg, Aladdin, Shanghai, China), the sodium channel blocker, was used as an inhibitor to inactivate the target regions in this study (Zhou et al., 2017); saline was used as vehicle. The inhibitor was infused at a volume of 1 μl per side into the target brain regions through the implanted guide cannulas by using the injection needles connecting to a syringe pump (LSP02-2B, Longer Precision Pump Co., Ltd., Baoding, China), and infused at a speed of 0.1 μl/min. All inhibitor and vehicle infusions were made 30 min before placing the rat in the conditioning chamber for training.



Contextual Fear Conditioning and Test

The procedures for CFC and retrieval were shown schematically in Figure 1A (Zhou et al., 2017). One day before CFC, rats were placed in the training box (MED-VFC-SCT-R, MED Associates Inc., Fairfax, VT, United States) to acclimate to the box by exploring for 12 min. On the day of training, the rats were placed in the training box and received 5 footshocks (0.8 mA, 2 s duration) with 2 min intertrial interval, and then returned to the homecage 2 min after final footshock. Retrieval tests were performed by placing the rats in the training box for 5 min without footshocks for independent groups at 5 or 24 h after conditioning. Freezing levels were recorded for scoring fear memory through the computer system (MED-VFC-SCT-R, MED Associates Inc., Fairfax, VA, United States).
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FIGURE 1. Effects of suppressed RSCd/g on contextual fear memory formation. (A) Diagram for experimental procedures. (B) The learning curves of four group rats (RSCd vehicle/inhibitor group and RSCg vehicle/inhibitor group) show no significant difference; RSCd vehicle group n = 24, inhibitor group n = 22; RSCg vehicle group n = 35, inhibitor group n = 32. (C) Memory retrieval during the 5-h and 24-h post-learning tests are significantly impaired in the RSCd inhibitor independent groups compared to the RSCd vehicle independent groups; 5 h, RSCd vehicle group n = 12, inhibitor group n = 11; 24 h, RSCd vehicle group n = 12, inhibitor group n = 11. (D) There is no significant difference in memory retrieval between the RSCg inhibitor independent groups during the 5-h and 24-h post-learning tests compared to the RSCg vehicle independent groups; 5 h, RSCg vehicle group n = 18, inhibitor group n = 16; 24 h, RSCg vehicle group n = 17, inhibitor group n = 16. (E) Memory retrieval during the 5-h and 24-h post-learning is significantly impaired in the RSCd inhibitor groups compared to the RSCg inhibitor groups; 5 h, RSCd inhibitor group n = 11, RSCg inhibitor group n = 16; 24 h, RSCd inhibitor group n = 11, RSCg inhibitor group n = 16. ITI, intertrial interval; i.p., intraperitoneal injection. *p < 0.05, **p < 0.01, two-way ANOVA followed by Bonferroni’s posttests.




18F-FDG PET/CT Imaging Protocols and Image Preprocessing

Thirty minutes after the inhibitor (or vehicle) injection into the target brain area, rats were injected intraperitoneally with 18F-FDG (18.5 MBq/100 g of body weight). Then each rat was immediately subjected to fear training; 40 min after FDG injection, rats were anesthetized with isoflurane (5% for induction and 1.5–2% for maintenance) and fixed in a prone position on the scanning bed of an E-plus 166 micro-PET/CT scanner (Institute of High Energy Physics, CAS, Beijing, China). The scanning was performed for 20 min. After acquisition, the PET images were reconstructed by the two-dimensional ordered subset expectation maximization algorithm with corrections for decay, normalization, dead time, photon attenuation, scatter, and random coincidences, and the reconstructed image matrix size was 256 × 256 × 63 with voxel size of 0.5mm × 0.5mm × 1mm (Nie et al., 2014).

All the images were preprocessed using an improved toolbox for voxel-wise analysis of rat brain images based on SPM8 (Wellcome Department of Cognitive Neurology, London, United Kingdom) (Nie et al., 2014). The images preprocessing steps were as follows: (1) the individual images of rat were spatially normalized into Paxinos and Watson space; (2) the normalized images were smoothened with 2mm × 2mm × 4 mm Gaussian kernel; and (3) then the intensity of images was globally normalized in each image.



Construction of Brain-Wide Metabolic Network During Contextual Fear Conditioning in Rats

The metabolic networks were constructed as a collection of 39 nodes representing brain regions connected by edges corresponding to the links between them; 39 anatomical brain regions (Supplementary Figure 2 and Supplementary Table 1) were predefined by a three-dimensional digital map based on the Paxinos and Watson atlas (Nie et al., 2013). The correlation coefficient between each pair of nodes was calculated with Pearson’s correlation in an intersubject manner, and the absolute value of correlation coefficient was used to define the weight of the edge (Zhang et al., 2019).



Hub Nodes and Nodal Properties

Graph theoretic measurements were used to analyze the node properties. In this study, we mainly focused on the nodal degree and nodal efficiency, which characterized the node’s connectivity and efficiency of parallel information transfer in the network, respectively (Choi et al., 2014; Zhang et al., 2019).

The nodal degree is the sum weight that links a node to the rest of the network in a weighted network. We quantitatively determined the hubs by the nodal Z-score. Zi-score is defined to measure how well-connected node i is to nodes in a network (Zhang et al., 2019), which makes the nodal degree comparable between networks. The Zi-score is defined as

[image: image]

where ki=∑j≠i Aijδ(i,j) is the sum of the weight between node i and other nodes in a weighted network. [image: image] is the average of k over all the nodes, and σk is the standard deviation of k in a weighted network. Node i is defined as a hub when Zi-score > 1 (Zhang et al., 2019).

Nodal efficiency (Enodal) characterizes the efficiency of this node’s parallel information transfer in the network. The Enodal for node i is defined as
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where Lij is the minimum path length between nodes i, j, and N is the number of nodes in a graph (Choi et al., 2014).



Core Brain Regions Associated With RSCd/g Metabolism During Contextual Fear Conditioning

Based on the brain-wide metabolic network of vehicle group, RSCd and RSCg were, respectively, selected as seed regions to search for brain regions highly metabolically relevant to them to construct their core network during CFC. Pearson’s correlation coefficients were calculated of the mean image intensity between the 39 nodes and the seed region. A strong Pearson’s correlation coefficient of 0.7 was used as a threshold to screen the brain regions that were strongly correlated with the seed region, and the supra-threshold brain regions were considered to form the core metabolic network related to RSCd/RSCg during CFC.



Statistical Analysis

Two-way ANOVA followed by Bonferroni’s posttests for multiple comparisons was used to analyze parameters of behavior performance. The value of p < 0.05 was considered statistically significant. Data were given as mean ± SEM. The permutation tests were used to evaluate statistical differences in node properties. First, the node properties of the metabolic networks were calculated separately for the inhibitor group and the corresponding vehicle group. Then the FDG images of the rat brain were randomly reallocated in two groups, and the correlation matrices for each randomized group were computed. The differences in the node properties between the two randomized networks were then calculated. The permutation tests were also used to evaluate the statistical differences in connection strengths between pairs of nodes in different networks. Permutations were repeated 10,000 times, and the results were used to estimate 95% confidence interval differences.




RESULTS


Suppressing RSCd During Fear Conditioning Impaired Memory Formation but Not While Suppressing RSCg

We examined the formation of fear memory under different treatments for independent groups, which were RSCd vehicle group, RSCd inhibitor group, RSCg vehicle group, and RSCg inhibitior group. As shown in Figure 1B, the freezing of rats was gradually formed as the number of training trials increased, and different vehicle/inhibitor treatment did not cause intergroup differences [Figure 1B: RSCd vehicle n = 24, inhibitor n = 22; RSCg vehicle n = 35, inhibitor n = 32; trials, F(5, 545) = 561.0, p < 0.001; group, F(3, 545) = 1.300, p = 0.278; trials × group, F(15, 545) = 0.806, p = 0.671; two-way ANOVA with repeated measures followed by Bonferroni’s posttests]. Memory retrieval at 5 or 24 h after learning for the independent groups of RSCd inhibitor was impaired to be more severe compared to RSCd vehicle groups [Figure 1C, 5 h: RSCd vehicle n = 12, inhibitor n = 11; 24 h: RSCd vehicle n = 12, inhibitor n = 11; time, F(1, 42) = 5.003, p < 0.05; group, F(1, 42) = 23.410, p < 0.001; time × group, F(1, 42) = 0.739, p = 0.3949; post hoc: 5 h: vehicle vs. inhibitor, *p < 0.05; 24 h: vehicle vs. inhibitor, **p < 0.001; two-way ANOVA followed by Bonferroni’s posttests]. Similarly, for RSCg independent groups, both time and inhibitor treatment provoked significant impairment in memory retrieval. But for the same time point, inhibitor treatment did not induce significant impairment of memory [Figure 1D, 5 h: RSCg vehicle n = 18, inhibitor n = 17; 24 h: RSCg vehicle n = 16, inhibitor n = 16; time, F(1, 63) = 8.377, p < 0.01; group, F(1, 63) = 6.424, p < 0.05; time × group, F(1, 63) = 0.709, p = 0.403; post hoc: 5 h: vehicle vs. inhibitor, p = 0.784; 24 h: vehicle vs. inhibitor, p = 0.129; two-way ANOVA followed by Bonferroni’s posttests]. In addition, we contrasted the effects of inhibiting the two subregions; memory retrieval at 5 and 24 h after learning for RSCd inhibitor groups were impaired to be more severe over time compared to RSCg inhibitor groups [Figure 1E, time, F(1, 51) = 9.220, p < 0.01; region, F(1, 51) = 14.330, p < 0.001; time × region, F(1, 51) = 0.317, p = 0.576; post hoc: 5 h: RSCd vs. RSCg, p = 0.147; 24 h: RSCd vs. RSCg, *p < 0.05; two-way ANOVA followed by Bonferroni’s posttests]. This seems to indicate that, respectively, suppressing the two subregions of the RSC before encoding does not interfere with the formation of the contextual fear memory, but suppressing RSCd would produce a profound disruption in the memory retrieval, whereas suppressing RSCg has no such effect.



Effects on Hub Nodes of the Brain-Wide Metabolic Brain Network of Suppressed RSCd/g During Contextual Fear Conditioning

In order to examine the differences in hub nodes of brain networks between independent groups under different treatments, we, respectively, constructed the brain-wide metabolic network during CFC for RSCd vehicle/inhibitor group (Figures 2A,C) and RSCg vehicle/inhibitor group (Figures 3A,C). The analysis of network nodal degree revealed that the hub nodes of brain-wide metabolic network during CFC included RSCd, piriform cortex (Pir), hippocampus, RSCg, amygdala, nucleus accumbens (NAc), and visual cortex (VC) (Figures 2B, 3B and Supplementary Table 2). In the RSCd group, Z-score of the nodal degree of hippocampus, Pir, RSCg, RSCd, and amygdala significantly decreased in the inhibitor group (*p < 0.05, ***p < 0.001, permutation test; Figures 2D,E). In the RSCg group, Z-score of the nodal degree of hippocampus and RSCg significantly decreased (*p < 0.05, permutation test; Figures 3D,E).
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FIGURE 2. Effects of suppressed RSCd on hub nodes of the brain-wide metabolic network during CFC. Brain-wide metabolic network of (A) RSCd vehicle group and (C) inhibitor group during CFC. Distribution of nodal degree Z-scores in network of (B) RSCd vehicle group and (D) inhibitor group. (E) Decrease in nodal degree of Pir, RSCd, RSCg, and hippocampus in rats with suppressed RSCd. The error bar indicates the 95% confidence intervals obtained from 1,000-iteration bootstrapping procedures. RSCd vehicle group n = 24, RSCd inhibitor group n = 22. *p < 0.05, ***p < 0.001, permutation test.
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FIGURE 3. Effects of suppressed RSCg on hub nodes of the brain-wide metabolic network during CFC. Brain-wide metabolic network of (A) RSCg vehicle group and (C) inhibitor group during CFC. Distribution of nodal degree Z-scores in network of (B) RSCg vehicle and (D) inhibitor group. (E) Decrease in nodal degree of RSCg and hippocampus in rats with suppressed RSCg. The error bar indicates the 95% confidence intervals obtained from 1,000-iteration bootstrapping procedures. RSCg vehicle group n = 35, RSCg inhibitor group n = 32. *p < 0.05, permutation test.




Effects on Nodal Properties of the Core Network of Suppressed RSCd/g During Contextual Fear Conditioning

Then, we examined the differences in properties of core networks among independent groups under different treatments. The RSCd and RSCg, respectively, served as seed regions to screen nodes that were highly metabolically relevant to them (Supplementary Table 3). The members of RSCd core network during CFC include RSCd, RSCg, Pir, Hip, VC, hypothalamus (Hyp), superior colliculus (SC), Amy, parietal association cortex (PtA), and posterior parietal cortex (PPC) (Figure 4A), while the nodes of RSCg core network were RSCg, RSCd, Pir, Hip, VC, Hyp, Amy, PtA, and supraoptic region (So) (Figure 5A).
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FIGURE 4. Effects of suppressed RSCd on its core metabolic networks during CFC. (A) Core metabolic network of RSCd vehicle group and inhibitor groups during CFC. (B) Degree centrality and (C) nodal efficiency of the hippocampus significantly decrease in rats with suppressed RSCd. (D) 10,000 permutation tests reveal a significant decrease in metabolic correlations between the hippocampus and multiple nodes in rats with suppressed RSCd. (E) The links that changed significantly in metabolic connectivity between nodes of rat brain with suppressed RSCd. MC, metabolic connectivity. RSCd vehicle group n = 24, RSCd inhibitor group n = 22. p < 0.05 was considered statistically significant.
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FIGURE 5. Effects of suppressed RSCg on its core metabolic networks during CFC. (A) Core metabolic network of RSCg vehicle and inhibitor groups during CFC. (B) Degree centrality and (C) nodal efficiency of nodes in RSCg core network do not alter significantly in rats with suppressed RSCg. (D) 10,000 permutation tests reveal that the metabolic correlations of the hippocampus with other nodes also do not alter significantly in rats with suppressed RSCg. (E) The links that changed significantly in metabolic connectivity between nodes of rat brain with suppressed RSCd. MC, metabolic connectivity. RSCg vehicle group n = 35, RSCg inhibitor group n = 32. p < 0.05 was considered statistically significant.


Nodal graph theoretic measures showed a significant reduction in hippocampal degree centrality (permutation test; Figure 4B) and nodal efficiency (permutation test; Figure 4C) with suppressed RSCd during CFC, whereas the above decrease was not observed upon suppressed RSCg (permutation test; Figures 5B,C).

By comparing the metabolic connectivity of the RSCd core network during CFC between the vehicle and inhibitor groups, a significant decrease in multiple connections associated with hippocampus was observed in the RSCd inhibition group, specifically, the connections Hip–RSCd, Hip–RSCg, Hip–Amy, and Hip–Pir (p < 0.05; permutation test; Figures 4D,E). However, metabolic connectivity of hippocampus was not observed significant reduction in the core network of RSCg inhibitor group (p < 0.05; permutation test; Figures 5D,E).




DISCUSSION

The present study examined the effects of RSCd and RSCg on the formation of contextual fear memory in rats and explored their underlying metabolic network mechanisms. Behaviorally, rats with disturbed RSCd showed 5-h and 24-h retrieval impairments, while those with disturbed RSCg did not. Network node degree centrality analysis revealed that both RSCd and RSCg, together with several key structures related to memory and spatial cognition, play hub roles in brain-wide metabolic network during CFC. However, rats with disturbed RSCd showed significantly reduced network connectivity of the hippocampal–amygdalar circuit, while subjects with disturbed RSCg did not.

Previous studies have demonstrated the RSC, as a whole functional entity investigated, is necessary in both formation and retrieval of contextual fear memory (Corcoran et al., 2011; Cowansage et al., 2014). Our findings also seem to be consistent with these reports, rats with disturbed RSCd showing impaired 5-h and 24-h retrieval. More importantly, our findings show that RSCd and RSCg, the major two main constituents of RSC, differ in the effects of rats on CFC behavior. The 5-h and 24-h tests were used to examine the results of memory formation and recent retrieval. For animals with pharmacologically inactivated RSCd before the 5-h test, their freezing periods were significantly decreased than those of controls and animals with suppressed RSCg. For 24-h tests without pharmacological interference, which means that neural correlates for retrieval should not be disturbed, animals also showed a significantly reduced freezing level. These results implicated that memory impairment might be contributed to the disturbed memory information process, not the retrieval phase. While animals with suppressed RSCg before conditioning, neither the 5-h nor 24-h test showed memory impairments. These results suggested that the RSC might mainly rely on the RSCd, not RSCg, to play its role in the contextual fear memory formation process.

The brain-wide metabolic network constructed for control rats showed the neural collections involved in the processes of memory formation. Particularly, some structures viewed as high degree nodes (or hubs) with greater connectivity were identified, which were thought to exert greater effect on network function (Vetere et al., 2017). These regions included the hippocampus, amygdala, RSC (RSCd and RSCg), and VC, happening to be the key brain sites involved in episodic memory and spatial cognition processes. Notably, RSC was one of the most prominent sites, suggesting its global importance and supporting the notion that the RSC might be a pivotal hub of the whole brain (Vann et al., 2009). The very richness of structural connections with other regions provides the basis for the role of RSC in a whole brain range. In both primates and rodents, extensive connections of RSC with numerous other cortices and subcortical nuclei, especially with thalamus, hippocampus, and forebrain, make its potential roles in various memory-related cognition tasks (Vangroen and Wyss, 1990; Kobayashi and Amaral, 2000, 2003, 2007; van Groen and Wyss, 2003). After pharmacologically inactivated, regions influenced by disturbed RSCg and RSCd are different. Under disturbed RSCd condition, a significantly decreased nodal degree occurred in the Pir, the hippocampus, the amygdala, and RSCg, while only the hippocampal degree was decreased in the RSCg situation. This finding suggested that the RSCd influenced the key memory-related structures, hippocampus and amygdala, more significantly than the RSCg. Moreover, disturbed RSCd affected RSCg, not vice versa, suggesting that there was a possible directly functional dependency of RSCg on RSCd during encoding processing of contextual conditioning, given their structural coupling.

Furthermore, the analysis for the core metabolic networks involved in RSCd/RSCg during CFC gave more specifically metabolic connectivity insight to the mechanism by which they play roles through interactions with other structures. Regions with high connectivity with RSCd and RSCg, respectively, are almost the same ones, including the Pir, hippocampus, amygdala, VC, and hypothalamus, and they largely overlap with the hub regions of brain-wide network. However, under pharmacological inference conditions, their effect on network properties of other regions differed significantly. Disturbed RSCd caused a decreased connecting strength between itself and the hippocampus, hippocampus and the Pir, and hippocampus and amygdala nuclei. While in the disturbed RSCg situation, the decrease in connecting strength occurred only between the hypothalamus and the amygdala nuclei, and the supraoptic region and the amygdala nuclei. The hippocampal–amygdalar system is viewed as one core mechanism for the information of contextual fear memory, in which the amygdala nuclei is responsible for coupling of conditioning stimuli and unconditioning stimuli and the hippocampus is engaged in encoding and recent storage processing (Ciocchi et al., 2010; Fanselow and Dong, 2010; Strange et al., 2014). Decreased connectivity between these two structures would directly lead to the failure of contextual fear memory formation. One possible mechanism is that, contrasted to RSCg, the RSCd is particularly involved in spatial information processing associated with the environment due to its heavy connection with the VC (Vogt and Miller, 1983). Because of the possible perturbed information flow of contextual information, the hippocampal–amygdala memory formation circuit was not evoked.

Another notable finding is that the disturbed RSCd also reduced the connectivity between the hippocampus and the Pir, while the RSCg did not. In animals, contrasted to human beings, contextual memory for environmental odors plays a vital role in their life and regulates many behaviors crucial to living, in which the Pir/olfactory cortex are always involved by their direct connections with the hippocampus and the amygdala nuclei (Chu and Downes, 2002; Willander and Larsson, 2007). Whether this olfactory learning mechanism is generally engaged in contextual memory or only triggered under certain specific conditions needs further investigation. Taken together, our findings suggest that the RSCd might play its role in the formation of contextual memory by triggering the evocation of the hippocampal–amygdalar system.

In summary, the present study demonstrated the rat RSC might play its role in contextual fear memory formation processes mainly relying on its RSCd constituent rather than the RSCg part, which might be performed by calling the hippocampal–amygdala system. These findings may also provide a useful target for pharmacotherapeutic treatments of some disorders with retrograde amnesia syndrome as well as PTSD with persistent fear. And metabolic network approaches provide an efficient means by which concerning neural correlates under particular tasks can be investigated in vivo.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this study are available on request to the corresponding authors.



ETHICS STATEMENT

The animal study was reviewed and approved by all protocols were approved by the Institutional Animal Care and Use Committee of Kunming Institute of Zoology, Chinese Academy of Sciences (ID: SMKX-20190820-195).



AUTHOR CONTRIBUTIONS

T-TP and HL: conceptualization and writing, review, and editing. T-TP, CL, and Q-XZ: investigation. T-TP, B-BN, T-HZ, WZ, and S-LZ: software and formal analysis. G-HZ, LX, and B-BN: resources. T-TP, CL, and HL: writing – original draft. LX, G-HZ, and D-ML: supervision. LX, B-BN, Q-XZ, and T-HZ: funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (12175268, 32071029, and 31861143037); China Postdoctoral Science Foundation (No. 2021T140668); and Strategic Priority Research Program of the Chinese Academy of Sciences (XDB32020000).



ACKNOWLEDGMENTS

We thank Jun-Bo Sun, Gui-Fen Xie, and Pei-Yu Zhang for their excellent technical assistance in the conduct of animal experiments.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.886858/full#supplementary-material



REFERENCES

Alexandra Kredlow, M., Fenster, R. J., Laurent, E. S., Ressler, K. J., and Phelps, E. A. (2022). Prefrontal cortex, amygdala, and threat processing: implications for PTSD. Neuropsychopharmacology 47, 247–259. doi: 10.1038/s41386-021-01155-7

Berger, T. W., Weikart, C. L., Bassett, J. L., and Orr, W. B. (1986). Lesions of the retrosplenial cortex produce deficits in reversal-learning of the rabbit nictitating membrane response: implications for potential interactions between hippocampal and cerebellar brain systems. Behav. Neurosci. 100, 802–809. doi: 10.1037/0735-7044.100.6.802

Brunello, N., Davidson, J. R. T., Deahl, M., Kessler, R. C., Mendlewicz, J., Racagni, G., et al. (2001). Posttraumatic stress disorder: diagnosis and epidemiology, comorbidity and social consequences, biology and treatment. Neuropsychobiology 43, 150–162. doi: 10.1159/000054884

Choi, H., Kim, Y. K., Kang, H., Lee, H., Im, H.-J., Hwang, D. W., et al. (2014). Abnormal metabolic connectivity in the pilocarpine-induced epilepsy rat model: a multiscale network analysis based on persistent homology. Neuroimage 99, 226–236. doi: 10.1016/j.neuroimage.2014.05.039

Chu, S., and Downes, J. J. (2002). Proust nose best: odors are better cues of autobiographical memory. Mem. Cogn. 30, 511–518. doi: 10.3758/bf03194952

Ciocchi, S., Herry, C., Grenier, F., Wolff, S. B. E., Letzkus, J. J., Vlachos, I., et al. (2010). Encoding of conditioned fear in central amygdala inhibitory circuits. Nature 468, 277–U239. doi: 10.1038/nature09559

Cooper, B. G., and Mizumori, S. J. Y. (2001). Temporary inactivation of the retrosplenial cortex causes a transient reorganization of spatial coding in the hippocampus. J. Neurosci. 21, 3986–4001. doi: 10.1523/jneurosci.21-11-03986.2001

Corcoran, K. A., Donnan, M. D., Tronson, N. C., Guzman, Y. F., Gao, C., Jovasevic, V., et al. (2011). NMDA receptors in retrosplenial cortex are necessary for retrieval of recent and remote context fear memory. J. Neurosci. 31, 11655–11659. doi: 10.1523/jneurosci.2107-11.2011

Corcoran, K. A., Yamawaki, N., Leaderbrand, K., and Radulovic, J. (2018). Role of retrosplenial cortex in processing stress-related context memories. Behav. Neurosci. 132, 388–395. doi: 10.1037/bne0000223

Cowansage, K. K., Shuman, T., Dillingham, B. C., Chang, A., Golshani, P., and Mayford, M. (2014). Direct reactivation of a coherent neocortical memory of context. Neuron 84, 432–441. doi: 10.1016/j.neuron.2014.09.022

Fanselow, M. S., and Dong, H.-W. (2010). Are the dorsal and ventral hippocampus functionally distinct structures? Neuron 65, 7–19. doi: 10.1016/j.neuron.2009.11.031

Gabriel, M., Lambert, R. W., Foster, K., Orona, E., Sparenborg, S., and Maiorca, R. R. (1983). Anterior thalamic lesions and neuronal activity in the cingulate and retrosplenial cortices during discriminative avoidance behavior in rabbits. Behav. Neurosci. 97, 675–696. doi: 10.1037/0735-7044.97.5.675

Huang, Q., Zhang, J., Zhang, T., Wang, H., and Yan, J. (2020). Age-associated reorganization of metabolic brain connectivity in Chinese children. Eur. J. Nucl. Med. Mol. Imaging 47, 235–246. doi: 10.1007/s00259-019-04508-z

Izquierdo, I., Furini, C. R. G., and Myskiw, J. C. (2016). Fear memory. Physiol. Rev. 96, 695–750. doi: 10.1152/physrev.00018.2015

Jovasevic, V., Corcoran, K. A., Leaderbrand, K., Yamawaki, N., Guedea, A. L., Chen, H. J., et al. (2015). GABAergic mechanisms regulated by miR-33 encode state-dependent fear. Nat. Neurosci. 18:1265. doi: 10.1038/nn.4084

Keane, T. M., Marshall, A. D., and Taft, C. T. (2006). Posttraumatic stress disorder: etiology, epidemiology, and treatment outcome. Annu. Rev. Clin. Psychol. 2, 161–197. doi: 10.1146/annurev.clinpsy.2.022305.095305

Keene, C. S., and Bucci, D. J. (2008). Contributions of the retrosplenial and posterior parietal cortices to cue-specific and contextual fear conditioning. Behav. Neurosci. 122, 89–97. doi: 10.1037/0735-7044.122.1.89

Kobayashi, Y., and Amaral, D. G. (2000). Macaque monkey retrosplenial cortex: I. Three-dimensional and cytoarchitectonic organization. J. Comp. Neurol. 426, 339–365. doi: 10.1002/1096-9861(20001023)426:3<339::aid-cne1>3.0.co;2-8

Kobayashi, Y., and Amaral, D. G. (2003). Macaque monkey retrosplenial cortex: II. Cortical afferents. J. Comp. Neurol. 466, 48–79. doi: 10.1002/cne.10883

Kobayashi, Y., and Amaral, D. G. (2007). Macaque monkey retrosplenial cortex: III. Cortical efferents. J. Comp. Neurol. 502, 810–833. doi: 10.1002/cne.21346

Leaderbrand, K., Chen, H. J., Corcoran, K. A., Guedea, A. L., Jovasevic, V., Wess, J., et al. (2016). Muscarinic acetylcholine receptors act in synergy to facilitate learning and memory. Learn. Mem. 23, 631–638. doi: 10.1101/lm.043133.116

Leech, R., and Sharp, D. J. (2014). The role of the posterior cingulate cortex in cognition and disease. Brain 137, 12–32. doi: 10.1093/brain/awt162

Liberzon, I., Taylor, S. F., Amdur, R., Jung, T. D., Chamberlain, K. R., Minoshima, S., et al. (1999). Brain activation in PTSD in response to trauma-related stimuli. Biol. Psychiatry 45, 817–826. doi: 10.1016/s0006-3223(98)00246-7

Lukoyanov, N. V., and Lukoyanova, E. A. (2006). Retrosplenial cortex lesions impair acquisition of active avoidance while sparing fear-based emotional memory. Behav. Brain Res. 173, 229–236. doi: 10.1016/j.bbr.2006.06.026

Mergenthaler, P., Lindauer, U., Dienel, G. A., and Meisel, A. (2013). Sugar for the brain: the role of glucose in physiological and pathological brain function. Trends Neurosci. 36, 587–597. doi: 10.1016/j.tins.2013.07.001

Nie, B., Chen, K., Zhao, S., Liu, J., Gu, X., Yao, Q., et al. (2013). A rat brain MRI template with digital stereotaxic atlas of fine anatomical delineations in paxinos space and its automated application in voxel-wise analysis. Hum. Brain Mapp. 34, 1306–1318. doi: 10.1002/hbm.21511

Nie, B., Liu, H., Chen, K., Jiang, X., and Shan, B. (2014). A statistical parametric mapping toolbox used for voxel-wise analysis of FDG-PET Images of Rat Brain. PLoS One 9:e108295. doi: 10.1371/journal.pone.0108295

Paxinos, G., and Watson, C. (2005). The Rat Brain in Stereotaxic Coordinates, 5th Edn. New York, NY: Academic Press.

Pothuizen, H. H. J., Davies, M., Albasser, M. M., Aggleton, J. P., and Vann, S. D. (2009). Granular and dysgranular retrosplenial cortices provide qualitatively different contributions to spatial working memory: evidence from immediate-early gene imaging in rats. Eur. J. Neurosci. 30, 877–888. doi: 10.1111/j.1460-9568.2009.06881.x

Schacter, D. L., and Addis, D. R. (2007). The cognitive neuroscience of constructive memory: remembering the past and imagining the future. Philos. Trans. R. Soc. B Biol. Sci. 362, 773–786. doi: 10.1098/rstb.2007.2087

Strange, B. A., Witter, M. P., Lein, E. S., and Moser, E. I. (2014). Functional organization of the hippocampal longitudinal axis. Nat. Rev. Neurosci. 15, 655–669. doi: 10.1038/nrn3785

van Groen, T., and Wyss, J. M. (2003). Connections of the retrosplenial granular b cortex in the rat. J. Comp. Neurol. 463, 249–263. doi: 10.1002/cne.10757

Vangroen, T., and Wyss, J. M. (1990). Connections of the retrosplenial antigranulocytes a cortex in the rat. J. Comp. Neurol. 300, 593–606. doi: 10.1002/cne.903000412

Vann, S. D., and Aggleton, J. P. (2002). Extensive cytotoxic lesions of the rat retrosplenial cortex reveal consistent deficits on tasks that tax allocentric spatial memory. Behav. Neurosci. 116, 85–94. doi: 10.1037//0735-7044.116.1.85

Vann, S. D., Aggleton, J. P., and Maguire, E. A. (2009). What does the retrosplenial cortex do? Nat. Rev. Neurosci. 10, 792–802. doi: 10.1038/nrn2733

Vetere, G., Kenney, J. W., Tran, L. M., Xia, F., Steadman, P. E., Parkinson, J., et al. (2017). Chemogenetic interrogation of a brain-wide fear memory network in mice. Neuron 94, 363–374.e4. doi: 10.1016/j.neuron.2017.03.037

Vogt, B. A., and Miller, M. W. (1983). Cortical connections between rat cingulate cortex and visual, motor, and postsubicular cortices. J. Comp. Neurol. 216, 192–210. doi: 10.1002/cne.902160207

Vogt, B. A., Vogt, L., Farber, N. B., and Bush, G. (2005). Architecture and neurocytology of monkey cingulate gyrus. J. Comp. Neurol. 485, 218–239. doi: 10.1002/cne.20512

Weiner, M. W., Veitch, D. P., Aisen, P. S., Beckett, L. A., Cairns, N. J., Green, R. C., et al. (2017). Recent publications from the Alzheimer’s disease neuroimaging initiative: reviewing progress toward improved AD clinical trials. Alzheimers Dement. 13, E1–E85. doi: 10.1016/j.jalz.2016.11.007

Willander, J., and Larsson, M. (2007). Olfaction and emotion: the case of autobiographical memory. Mem. Cogn. 35, 1659–1663. doi: 10.3758/bf03193499

Yakushev, I., Drzezga, A., and Habeck, C. (2017). Metabolic connectivity: methods and applications. Curr. Opin. Neurol. 30, 677–685. doi: 10.1097/wco.0000000000000494

Zhang, T., Huang, Q., Jiao, C., Liu, H., Nie, B., Liang, S., et al. (2019). Modular architecture of metabolic brain network and its effects on the spread of perturbation impact. Neuroimage 186, 146–154. doi: 10.1016/j.neuroimage.2018.11.003

Zhou, H., Xiong, G.-J., Jing, L., Song, N.-N., Pu, D.-L., Tang, X., et al. (2017). The interhemispheric CA1 circuit governs rapid generalisation but not fear memory. Nat. Commun. 8:2190. doi: 10.1038/s41467-017-02315-4


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Pan, Liu, Li, Zhang, Zhang, Zhao, Zhou, Nie, Zhu, Xu and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-16-886858-g002.jpg
RSCd vehicle group

A

I RSCd vehicle group

JUIS

suj
Vid
S
3L
Odd
dAyg
DA
Ay
dVN
dig
3DSU
POSY
and

v ]

p/

sapou ¢¢

39 nodes

RSCd inhibitor group

C

[ RSCd inhibitor group

CRRLL
VS
YyLe|
Tid
Ovd
IJVL

q10
yLue
1L |
10
TR

\ZX |
suj
ony
LSN4
yuy
de)

dig
REIN

Jdd
JURS
N
I
Vid
POSY
Ad

3DSU
NS
3L

Awry
VN

dAyg

o )

v

sopou ¢

39 nodes

—

X

3

K1

*_

X
o = *7
= £ *®
=2\
B
@ S
R
-
S =
= =
==
&g K

*7

Il -
L L L D D |
[} () uw, [ w,
= o e o =
L sapou qny Jo 3.103S-7

VC

Amy

NAc

Hip

RSCg

RSCd

Pir





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Retrosplenial Cortex Effects Contextual Fear Formation Relying on Dysgranular Constituent in Rats



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Surgery and Infusions



		Contextual Fear Conditioning and Test



		18F-FDG PET/CT Imaging Protocols and Image Preprocessing



		Construction of Brain-Wide Metabolic Network During Contextual Fear Conditioning in Rats



		Hub Nodes and Nodal Properties



		Core Brain Regions Associated With RSCd/g Metabolism During Contextual Fear Conditioning



		Statistical Analysis







		RESULTS



		Suppressing RSCd During Fear Conditioning Impaired Memory Formation but Not While Suppressing RSCg



		Effects on Hub Nodes of the Brain-Wide Metabolic Brain Network of Suppressed RSCd/g During Contextual Fear Conditioning



		Effects on Nodal Properties of the Core Network of Suppressed RSCd/g During Contextual Fear Conditioning







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnins-16-886858-g003.jpg
VC

Amy

ony
ns

NAc

Hip

I RSCg vehicle group
I RSCg inhibitor group

RSCg

L L |
— =) v— 7_.

L DL |
— (=) v— 7_.

m 32.139p [epou Jo E_com-N o 32.139p [epou Jo e.._com-N

2
2

RSCd

39 nodes
I RSCg vehicle group

RSCg vehicle group

5 EEE RSCg inhibitor group

39 nodes
RSCg inhibitor group

| I | " |
S v = v o
(g\| o o —

3.0 =

sapou ¢ L sapou qny Jo 3.1038-7

o

‘ sapou ¢¢

A





OPS/images/fnins-16-886858-e001.jpg
1
Feiln
- i#
Enoqa() = 57—






OPS/images/fnins-16-886858-g001.jpg
A

Cannula 7d [
Implantation

Freezing (%)

O

Freezing (%)

Acclimation

Vehicle/Inhibitor

Training

18F-FDG
Vv L.p.

= N 30 min m 28 min

PET/CT

5h-28 min

Test

Imaging 24 h - 28 min

0.8 mA, 5 trials, ITI =120 s
S min 12 min
C
100 -
80 - _
>
60 = oY)
=0- RSCd vehicle =
40 - . S
=O- RSCd inhibitor o
20 - -4~ RSCg vehicle =
=/~ RSCg inhibitor
0 T T T T T T
Pre 1 2 3 4 B
Trials
E
100 - o o
ﬁ 0P Z§8 .
2[5 & % o N
o Op0 e
SO | o & é
60 - 8 § on
. o 9 o RSCg inhibitor £
40 - o -l1- . S
o RSCg vehicle o
20 - =
0 I 1
Sh 24h

Time post training

* %* %
100 - "
P
80 o
60
40 - o 8 o
o
20 - 3
0 I |
Sh 24h
Time post training
ILI
100 o o
0o© (o3 2 = o
80 - o
o OpO
o © g
60 ¥ ‘ ?j
oAl | &l
3
20 - 6.9
0 T T
Sh 24h

Time post training

o RSCd inhibitor
o RSCd vehicle

o RSCd inhibitor
© RSCg inhibitor





OPS/images/fnins-16-886858-e000.jpg





OPS/images/fnins-16-886858-g004.jpg
A RSCd vehicle B RSCd Inhibitor - vehicle C RSCd Inhibitor - vehicle

- RSCd - RSCd
- RSCg - RSCg
;‘;’ - Pir 37 - Pir
e - Hip £ - Hip
£ 5 I
= - VC = vC
i )
8 - Hyp = - Hyp
e - SC E - SC
a z L
- Amy Amy
- PtA - PtA
- PPC ~ PPC
- - -2 -1 0 1 -04 -0.3 -0.2 -0.1 0 0.1
D RSCd inhibitor - vehicle

r

RSCd 08 '@ @ @RSG p
RSCg @ ‘

Pir 0.4 A i
Hip -

VC 0 K /¢ l
Hyp | k¥ 3

SC "
P -0.4

PtA

r Decreased MC i

-0.8 -0.8

=220 8 = <0
- >E=cn§a—_*&

RSCd
RSCg





OPS/images/fnins-16-886858-g005.jpg
A RSCg vehicle B RSCg inhibitor - vehicle C RSCg inhibitor - vehicle

RSCg L RSCg L RSCg
RaCd L RSCd | RSCd
Pir
"E‘ - Pir 2 - Pir
Hip = g
= - Hip - - Hip
vVC <:=) é
5 S e
Hyp ; vC E VC
]
Amy 5o - Hyp b= - Hyp
=]
PtA = L Amy z L Amy
So - PtA - PtA
- So - So
4 3 2 a1 0 1 04 03 02 -01 0 0.1
RSCg inhibitor D RSCg inhibitor - vehicle
r
RSCg RSCg — ety aRSC
RSCd RSCd PtA_
Pir Pir 0.4 \ .
Hip Hip S0 \dul
VC VC 0 I @Hyp
Hyp Hyp -
Amy Amy 0.4
PtA PtA
So So i Decreased MC  -0.1
T T - VN & T - VO LTI T - VN & T - VN R .
SSEESEEES SCEEZEEE S
Y Y





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

Retrosplenial Cortex Effects
Contextual Fear Formation
Relying on Dysgranular
Constituent in Rats








OPS/images/fnins-16-886858-i000.jpg






OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





